The optical second harmonic generation from a thin magnetic film on a nonmagnetic substrate is theoretically investigated for both s-and p-polarized incident light. The contributions of lattice misfit strain as well as of misfit dislocation strain to the second-order nonlinear optical susceptibility are described using a nonlinear photoelastic tensor, together with the contribution of magnetization described by a nonlinear magneto-optical tensor. © 2000 American Institute of Physics.
It is well known that strain exists near a real filmsubstrate interface. 1 The thickness of such a strained layer in a film can vary over a wide range from a few to a few tens of nanometers. It is determined by the elastic parameters of both materials and the misfit f derived from the lattice constants of film a f and substrate a s : f ϭ(a f Ϫa s )/a s . If an epitaxial film thickness exceeds the critical thickness h c , misfit dislocations will appear. 1 These dislocations lead to the relaxation of elastic strain in bi-͑or multi-͒ layered structures. 1 Recently, Bottomley et al. observed an influence of lattice mismatch on the optical SHG in nonmagnetic films on substrates. 2 In magnetically ordered structures the magnetic subsystem also contributes to the nonlinear polarization and leads to the magnetization-induced SHG ͑MSHG͒, which was successfully applied for investigations of thin magnetic films and interfaces. 3 In this article, we theoretically investigate the optical SHG from the interface between a magnetically ordered film on a nonmagnetic substrate. As an example, we consider the magnetic film of yttrium-iron-garnet ͑YIG͒ Y 3 Fe 5 O 12 on the nonmagnetic substrate gadolinium-gallium-garnet ͑GGG͒ Gd 3 Ga 5 O 12 in the transverse magneto-optical configuration. For the phenomenological description of the contributions of the magnetic and elastic subsystems to the nonlinear polarization we use nonlinear magneto-optic and photoelastic tensors, respectively.
Consider the interface between a thin YIG film on a thick GGG substrate located in the XY plane, the Z axis perpendicular to this interface. The reflection plane is XZ, and the magnetization vector M is oriented along Y as depicted in Fig. 1 . We investigate a YIG film with thickness t f larger than h c and thus there are misfit dislocations near the interface. The set of equidistant straight edge dislocations oriented along the Y axis and with Burgers vectors parallel to the Y axis are characterized by the following nonzero components of the stress tensor:
4 yy disl (r), zz disl (r), and zy disl (r). The strain tensor in the film can be presented as follows:
where (z) is the Heaviside step function. The first term in Eq. ͑1͒ corresponds to the contribution of the lattice misfit strain and the second one describes the dislocation strain. If t f Ͻh c , the film will be free from dislocations and only the first term in Eq. ͑1͒ describes the strain in the film. In this case the epilayer will be in a strained state which is characterized by the biaxial tetragonal strain determined by the expression
͑2͒
a͒ Author to whom correspondence should be addressed; electronic mail: igorl@kinetic.ac.donetsk.ua where ␦ lm is the Kronecker delta symbol ͑in this case l,m ϭx,y͒. The dislocation strain can be determined using Hooke's law
where is Poisson's coefficient and E is Young's modulus. 6 Taking into account Eq. ͑3͒ and the nonzero components of the dislocation stress tensor mentioned above, we obtain that the dislocation strain tensor is characterized by the components: u xx disl (r), u yy disl (r), u zz disl (r), and u zy disl (r). Both bulk crystals of YIG and GGG are described by the centrosymmetrical point group O h , 6 but thin films of these materials do not contain inversion as an element of the point group symmetry, i.e., the symmetry class of a thin film is determined by its orientation. For example, a thin film of a cubic material ͑point symmetry O h ͒ with a fourfold axis ͓001͔ directed perpendicularly to the film is characterized by the point symmetry C 4v . 7 The electric field at the second harmonic frequency of the incident radiation is determined as a solution of the wave equation with the nonlinear polarization P NL (2) as a source term, which in the dipole approximation can be written as follows:
where E() is the electric field of the incident light at frequency and (2) is the second-order nonlinear optical susceptibility ͑NOS͒ tensor. Like in linear optics, 8 in the presence of elastic strain and magnetization M, this second-order NOS tensor can be presented in the following form:
where (2, 0) , (2,u) , and (2,m) are crystallographic, strainand magnetization-induced parts of the second-order NOS tensor, respectively. In a linear approximation of the strain and magnetization, (2,u) and (2,m) can be presented in the following form:
Here, p i jklm , u lm , and f i jkL are the nonlinear photoelastic, strain, and nonlinear magneto-optic tensors, respectively. Within the slowly varying amplitude approximation the wave equation for the second harmonic electric field can be written as
͑7͒
where qϭ2k Ϫk 2 is the phase ͑wave vector͒ mismatch and k and k 2 are the wave vectors of the fundamental and second harmonic light, respectively. Using the infinite plane wave approximation, from Eq. ͑7͒ we obtain the following equation:
The integral in Eq. ͑8͒ is taken over the interaction volume V and n 2 is the refractive index of the film at the second harmonic frequency. Let us investigate the polarization of light generated at the double frequency for the wave vectors of the incident and reflected light in the XZ plane ͑see Fig. 1͒ . For the symmetry class C 4v , the second-order NOS i jk (2,0) ͑polar third rank͒ and nonlinear photoelastic p i jklm ͑polar fifth rank͒ tensors are characterized by 4 and 31 independent components, respectively. 9 Nonzero components of the nonlinear magneto-optical tensor f i jkL ͑polar on the three indices and axial on the one index͒ were derived in Ref. 10 . Using the data from Table III 
where
In Eq. ͑12b͒ we have taken into account that p zzzxx ϭp zzzyy . 10 Equations ͑9͒ and ͑11͒ show that the s-polarized electric field at the second harmonic frequency for both the sand p-polarized input radiation are purely determined by the contribution of misfit dislocations. In contrast, the p-polarized SHG is determined both by the misfit strain and dislocation strain terms, by a strain-independent part Eqs. ͑10b͒, ͑12a͒, and ͑12b͒, as well as magnetization-induced terms, Eqs. ͑10a͒, ͑12a͒, and ͑12b͒. From Eqs. ͑10͒ it follows that for s-polarized input radiation the p-polarized SHG signal is characterized by a quadratic dependence on magnetization, i.e., correspondingly SHG intensity can be presented by the following expression:
where is the incidence angle for the input radiation. The first term of the right side in Eq. ͑14͒ is the nonmagnetic contribution to the SHG intensity and the second term is the quadratic contribution of the magnetization to the SHG intensity. As follows from Eqs. ͑12͒ for p-polarized incident light it is possible to observe an interference term, which is linear on magnetization, in the p-polarized SHG signal
However, this dependence can only be observed for nonzero incident angles, because C l,p()→p() ( ϭ0)ϭ0. In the case of normal incidence the SHG signal contains only quadratic in magnetization contributions for both the s-and p-polarized input radiation, as observed in experiments with a ͑100͒ YIG film on a GGG substrate by Pavlov et al. 11 In this article the temperature dependence of the SHG signal was investigated. At temperatures TϾT c , where T c is the Curie temperature, the MSHG was equal to zero, whereas the nonmagnetic SHG decreased with increasing of temperature. To explain this temperature dependence we consider the following model. It is known that the thermal misfit f T , induced by the difference in the thermal expansion coefficients of a film ␣ f and a substrate ␣ s , can be determined as follows:
From the experimental data of Ref. 11 we can determine the relative change of the SHG intensity ⌬ 2 (T 1 ,T 2 ):
where I 2 (T) is the SHG intensity at temperature T which can be presented with the expression
where C is a factor depending on the refractive indices of the film at the and 2, I is the incident light intensity, and (T) is the temperature dependent second-order NOS tensor which can be presented as follows:
In Eq. ͑19͒, p NL,eff is the effective nonlinear photoelastic constant which can be expressed as a linear combination of nonzero components of the p i jklm tensor, and u T ϭ f T is the thermal strain determined by the thermal misfit in Eq. ͑16͒. From Eqs. ͑16͒-͑19͒ we obtain the approximate formulas for p NL 
